In strongly correlated multiorbital systems, various ordered phases appear. In particular, the orbital order in iron-based superconductors attracts much attention since it is considered to be the origin of the nematic state. To clarify the essential conditions for realizing orbital orders, we study the simple two-orbital (d xz , d yz ) Hubbard model. We find that the orbital order, which corresponds to the nematic order, appears due to the vertex corrections even in the two-orbital model. Thus, the d xy orbital is not essential to realize the nematic orbital order.
Introduction
In the phase diagram of iron-based superconductors, the electronic nematic state with C 2 symmetry appears universally under the structural phase transition temperature T S , and the superconducting state emerges next to the nematic state. 1, 2) The origin of the nematic state has stimulated much attention since the mechanism of superconductivity would be strongly related to the mechanism of the nematic state. To explain the nematic order and fluctuations, both the spin-nematic scenario 3, 4) and the orbital-order scenario [5] [6] [7] [8] [9] [10] [11] have been proposed. In the former scenario, the origin of the nematic state is the spin-nematic order. The spin-fluctuation-induced spin-nematic order appears slightly above the magnetic transition temperature when the magnetic frustration is strong. However, the nematic state in FeSe with small spin fluctuations cannot be explained by the spin-nematic scenario. In the latter scenario, the origin is the ferro-orbital order (n xz n yz ), which is caused by the vertex correction (VC) of the Coulomb interaction. 5, 6) By applying the self-consistent VC (SC-VC) method to * onari@okayama-u.ac.jp the realistic five Fe d orbital model based on first-principles calculation, the nematic state in both LaFeAsO and FeSe has been naturally reproduced. 6, 12) Recently, the remarkable k dependence of the orbital polarization, which cannot be explained using the mean-field theory, has been observed in FeSe. 13) The k dependence of the orbital polarization is also reproduced in the orbital-order scenario. 14) In addition, the s-wave state without sign reversal (s ++ -wave state) mediated by the orbital fluctuations has also been proposed in iron-based superconductors. 5-8, 15, 16) The SC-VC theory had also succeeded in explaining other multiorbital systems such as the nematic CDW in cuprates, 17, 18) We found that the VC for the orbital susceptibility is also enhanced in the simple twoorbital model, and that the nematic orbital order appears similarly to the case of the realistic five-orbital models. Thus, the d xy orbital is not essential to realize the nematic orbital order.
We also found that another type of orbital order, which corresponds to the 45 • -rotated orbital order, appears when the holes are heavily doped. The obtained orbital order is determined by the orbital dependence and the topology of the FSs.
Formulation
We study a simple two-orbital (d xz , d yz ) Hubbard model in a square lattice. The Hamiltonian is given as
where l, m = 1, 2 represents the orbital; 1 = d xz and 2 = d yz . In the tight-binding model, we employ the dispersion relation 22) ξ
We control the band filling n systematically, where n = 1 corresponds to the half-filling. H int is the multiorbital Coulomb interaction including the intra (inter) orbital interaction U(U ′ ) and the exchange interaction J. Hereafter, we use the relation U = U ′ + 2J from rotational 2/11 invariance. The irreducible susceptibility in the orbital representation without the VC is given
, where G is the Green's function, and q and k are denoted as q = (q, ω n = 2nπT ) and k = (k, ǫ n = (2n+1)πT ), respectively. We take N = 64×64 k meshes and 256 Matsubara frequencies. Using the RPA, the matrix of the spin (orbital) susceptibility is given asχ
whereΓ s(c) denotes the bare Coulomb interaction for spin (charge) channel given by
By introducing the VCX c for the orbital channel, the matrix of the orbital susceptibility is given byχ
In this study, we neglect the VCX s for the spin channel for simplicity sinceX s is smaller thanX c , as reported previously. 5) The spin Stoner factor α s is given by the maximum eigenvalue ofΓ sχ0 (q, 0), while the charge Stoner factor α c is given by the maximum eigenvalue of 
The AL term for the orbital susceptibility X AL,c
where the three-point vertexΛ(q; q ′ ) is given as
and
When we calculate the total VC, we subtract the double-counting U 2 -terms in Eqs. (5) and (6). 23 ) By calculating the above equations self-consistently, we find that the MT and U 2 -terms are much smaller than the AL terms.
Here, we introduce the diagonal charge quadrupole susceptibilities as
where O l,m γ ≡ l|Ô γ |m is the matrix element of the γ-type quadrupole operator. In the present two-orbital system, O 1,1
while other matrix elements are zero. The nematic state with n xz n yz is explained by the divergent of χ Q x 2 −y 2 (q = 0, 0). 5, 6) In the two-orbital system without the d xy orbital, χ Q 3z 2 −r 2 is identical to the charge susceptibility. Thus, the enhancement of χ Q 3z 2 −r 2 driven by the d xy orbital in the five-orbital model 6) is not realized in the two-orbital system.
Hereafter, we fix the temperature T = 0.05 and J/U = 0.05. Although J/U = 0.05 is smaller than the value obtained by the first-principles calculation, 24) we note that the obtained orbital fluctuations without the self-energy for a small J/U ∼ 0.05 are similar to those including the self-energy for a large J/U ∼ 0.14 in the five-orbital system. 6) The VC for the orbital fluctuations is underestimated in the system without the self-energy since U is underestimated.
Results and Discussion
We employ the two-orbital tight-binding model of iron-based superconductors with t 1 = −1, t 2 = 1.39, and t 3 = t 4 = −0.85, which is similar to the model given in Ref. 22 .
First, we calculate the susceptibilities near the ordered state by the SC-VC method. Figure 1 shows U as a function of n, where α s = 0.97 or α c = 0.97 is satisfied for each n. In the blue region, α s = 0.97 is satisfied and spin fluctuations are dominant. In the red (green) region, α c = 0.97 is satisfied and x 2 − y 2 -type (xy-type) charge quadrupole fluctuations are dominant. In this model, the 3z 2 − r 2 -type charge quadrupole susceptibility, which is identical to the charge susceptibility, is much smaller than other susceptibilities. In Fig. 1 (22, 22) (22, 22) (Q 3 , 0) . X AL,c 11,11 (22, 22) (Q 3 , 0) is mainly enlarged by the term V s 11,11 (22, 22) (Q 4 , 0)V s 11,11 (22, 22) (Q 4 , 0) . Here, we discuss the reason why the ferro-orbital fluctuation χ 
Summary
We studied the orbital fluctuations near the orbital ordered state using the SC-VC method in the two-orbital (d xz , d yz ) Hubbard model. We clarified that the nematic order in the nondoped iron-based superconductors is explained by the two-orbital model around half filling n = 1.0. Thus, the d xy orbital is not essential to realize the nematic order. Moreover, the 45
• -rotated nematic order appears in the heavily hole-doped case. We confirmed that the 
